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ABSTRACT
We study the properties of distinct dark matter halos (i.e., those that are not subhalos)
that have a final virial mass Mvir at z = 0 less than their peak mass (Mpeak) in the
Bolshoi-Planck cosmological simulation. We identify two primary causes of halo mass
loss: relaxation after a major merger and tidal stripping by a massive neighbouring
halo. Major mergers initially boost Mvir and typically cause the final halo to become
more prolate and less relaxed and to have higher spin and lower NFW concentration.
As the halo relaxes, high energy material from the recent merger gradually escapes
beyond the virial radius, temporarily resulting in a net negative accretion rate that
reduces the halo mass by 5 − 15% on average. Halos that experience a major merger
around z = 0.4 typically reach a minimum mass near z = 0. Tidal stripping mainly
occurs in dense regions, and it causes halos to become less prolate and have lower spins
and higher NFW concentrations. Tidally stripped halos often lose a large fraction of
their peak mass (> 20%) and most never recover (or even reattain a positive accretion
rate). Low mass halos can be strongly affected by both post-merger mass loss and
tidal stripping, while high mass halos are predominantly influenced by post-merger
mass loss and show few signs of significant tidal stripping.
Key words: Cosmology: Large Scale Structure - Dark Matter - Galaxies: Halos -
Methods: Numerical
1 INTRODUCTION
In the modern ΛCDM standard cosmological paradigm,
galaxies form and evolve within dark matter halos (reviewed
in Frenk & White 2012; Primack 2012). Determining the
evolving properties of the halos is therefore important for
understanding the formation of galaxies in the expanding
universe. Ever since simulations were first able to resolve
dark matter halos (e.g., Navarro, Frenk & White 1996) there
have been studies of the abundance and other properties of
the halos—most recently, using the Planck (Planck Collab-
oration et al. 2014, 2016) cosmological parameters (Klypin
et al. 2016; Rodr´ıguez-Puebla et al. 2016, and references
therein). The general expectation has been that dark mat-
ter halos typically grow in mass with cosmic time, for exam-
ple with the mass at any redshift z approximately given by
M(z) = M(0) exp(−αz), where α ∼ 0.8 is fit to individual halo
? E-mail: chtlee@ucsc.edu
growth trajectories (e.g. Wechsler et al. 2002; Dekel et al.
2013; Rodr´ıguez-Puebla et al. 2016, 2017, and references
therein). However, Lee et al. (2017) showed that in regions
of high dark matter density, most low-mass halos are actu-
ally losing mass due to tidal stripping. But although some
halos lose rather than gain mass, until the present paper
there has not been any detailed investigation of the causes
and consequences of halo mass loss. As we will show, there
are two main causes of halo mass loss: relaxation after major
mergers and tidal stripping.
After a halo major merger (i.e., with the merging halos
having mass ratio greater than 0.3 to 1), the virial ratio of
the kinetic and potential energies T/|U | of the resulting halo
is often initially considerably larger than the virial value
0.5. As the halo relaxes toward virial equilibrium, a small
fraction of its mass, typically ∼10%, moves beyond the virial
radius. This includes a large fraction of the higher angular
momentum material, and as a consequence the halo spin
parameter λ decreases, as shown by D’Onghia & Navarro
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2(2007). An example of halo mass loss after a major merger
was demonstrated and briefly discussed in Behroozi et al.
(2015, Section 5.2), and the phenomenon was also mentioned
in Behroozi, Loeb & Wechsler (2013). As we will see, this
post-merger mass loss phenomenon is rather common.
Tidal stripping of subhalos has been extensively dis-
cussed in the literature (e.g. van den Bosch 2017, and refer-
erences therein), but here we concentrate on distinct halos.
Tidal stripping of distinct dark matter halos that are close
to (or pass through) more massive halos has been discussed
in the literature Hahn et al. (2009); Behroozi, Loeb & Wech-
sler (2013); Behroozi et al. (2014); Hearin, Behroozi & van
den Bosch (2016). It can lead to more than 10% mass loss,
sometimes much more. This affects only a relatively small
fraction of the halos except in dense regions, where most
halos with mass <∼ 1012M suffer significant mass loss.
Interestingly, the effects of these two halo mass loss
mechanisms are nearly orthogonal. As we will show, halos
suffering mass loss after a major merger typically have lower
concentration and higher spin and prolateness than average,
while halos that are significantly tidally stripped have higher
concentration and lower spin and prolateness.
This paper is organized as follows. In §2 we discuss the
simulations and methods used, including definitions of key
concepts that we use, including tidal force TF, halo concen-
tration CNFW, and prolateness P. §3 discusses the frequency,
causes, and consequences of mass loss, with §3.1 emphasiz-
ing halos mass loss after major mergers and §3.2 focussing
on tidal stripping. We recommend that readers skip ahead
to Figures 13 and 14, which show typical behaviours of many
halo properties after major mergers and after tidal stripping.
§4 presents our Discussion and Conclusions.
2 SIMULATIONS AND METHOD
In this paper we study the halos in the Bolshoi-Planck
simulation (Klypin et al. 2016; Rodr´ıguez-Puebla et al.
2016), which have been analyzed using the Rockstar halo
finder (Behroozi, Wechsler & Wu 2013) and the Consistent
Trees formalism (Behroozi et al. 2013) for constructing halo
merger trees. The cosmological parameters for the Bolshoi-
Planck simulation were ΩΛ,0 = 0.693,ΩM,0 = 0.307,ΩB,0 =
0.048, h = 0.678, ns = 0.96 and σ8 = 0.823. The halo masses
studied are given by
Mvir =
4pi
3
∆virρmR3vir, (1)
where ∆vir is given by the Bryan & Norman (1998) fitting
formula ∆vir(z) = (18pi2 + 82x − 39x2)/Ω(z), where Ω(z) is the
ratio of mean matter density ρm to critical density ρc at
redshift z, and x ≡ Ω(z) − 1. Using other halo mass defi-
nitions (e.g., splashback radius More, Diemer & Kravtsov
2015) and/or other halo finders would lead to different re-
sults (e.g. Behroozi et al. 2015), but we do not consider
such alternatives in this paper since doing so would require
reanalysis of the many timesteps of a large simulation.
The outputs from the 178 saved timesteps of the
Bolshoi-Planck simulation analyzed by Rockstar are dis-
cussed in Rodr´ıguez-Puebla et al. (2016, especially the Ap-
pendices), and they can be downloaded from the UCSC
Hyades astronomical computer system.1 Here we summa-
rize the definitions of the halo properties that we study in
this paper.
• NFW concentration CNFW is defined as
CNFW =
Rvir
Rs
, (2)
where the Navarro, Frenk & White (1996, NFW) profile is
given by
ρNFW(r) = 4ρs(r/Rs)(1 + r/Rs)2
. (3)
The scale radius Rs is the radius where the logarithmic slope
of the density profile is -2. The NFW profile is completely
characterized by two parameters, for example ρs and Rs, or
alternatively the halo mass Mvir and concentration parame-
ter cvir.
• Maximum circular velocity Vmax is the maximum of
[GM(< r)/r]1/2 at any radius r < Rvir, where M(< r) is the
mass enclosed by spherical radius r.
• Bullock spin parameter λB is defined following Bullock
et al. (2001) as
λB =
J√
2MvirVvirRvir
, (4)
The distribution and redshift dependence of λB is discussed
in Rodr´ıguez-Puebla et al. (2016) and Somerville et al. (2017,
Appendix B) and compared with that of the Peebles (1969)
spin parameter
λP =
J |E |1/2
GM5/2vir
, (5)
where J and E are the total angular momentum and the
total energy of a halo of mass Mvir.
• Scale factor of the last major merger aLMM is the scale
factor a = (1+ z)−1 of the most recent merger with halo mass
ratio greater than 0.3 to 1 along the halo’s largest progenitor
track.
• Tidal Force (TF) experienced by a halo is calculated as
the strongest tidal force from any nearby halo, in dimension-
less units (Rhalo/RHill). The Hill radius (see, e.g., Hahn et al.
2009; Hearin, Behroozi & van den Bosch 2016) is the radius
within which material can remain gravitationally bound to
a secondary halo. It is given by RHill = D(Msec/3Mprim)1/3 =
Rsec(D/31/3Rprim), where the primary (secondary) halo is
the larger-virial-radius (smaller-virial-radius) halo of a pair
whose centers are separated by distance D.
• Prolateness is defined as
P ≡ 1 − 1√
2
[(
b
a
)2
+
( c
a
)2]1/2
, (6)
such that 1 − P is the magnitude of the vector ( ba , ca ) nor-
malized by 1√
2
, where a, b, and c are the lengths of the
largest, second largest, and smallest triaxial ellipsoid axes,
respectively. Prolateness ranges from 0 (perfect sphere) to 1
(maximally elongated, i.e. a needle), with most halos falling
1 http://hipacc.ucsc.edu/Bolshoi/MergerTrees.html
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somewhere in the range of 0.2−0.6. We will plot the Prolate-
ness of halos both within the virial radius Rvir and the radius
R500c enclosing average density 500 times critical density
ρc = 3H2/(8piG), where H = Ûa/a is the Hubble parameter.
• Xoff is the offset of the density peak of a halo from its
center of mass within Rvir, in units of h−1 kpc.
• Doff = Xoff/Rvir.
• Virial ratio T/|U | is the ratio of kinetic energy T to
potential energy |U |. According to the virial theorem, a fully
relaxed halo has T/|U | = 0.5.
• Environmental density ρσ is the local environment den-
sity smoothed on different scales (σ) and ρavg is the average
density of the simulation. (See (Lee et al. 2017) for details.)
As in Lee et al. (2017), in this paper we will plot halos
in four mass bins, corresponding to log10 Mvir/(h−1M) =
11.2±0.375, 11.95±0.375, 12.7±0.375, and 13.45±0.375. The
lowest mass z = 0 halos in our analysis still contain roughly ∼
450 particles to minimize noise introduced from low particle
counts. As shown in Rodr´ıguez-Puebla et al. (2016), Mvir =
1012.7h−1M is the mass of 1σ fluctuations just collapsing at
z = 0, and the other mass bins are separated by 100.75h−1M.
As in Lee et al. (2017), we quote the environmental density
ρσ smoothed at 1 h−1Mpc for halos in the lowest mass bin,
2 h−1Mpc in the next mass bin, 4 h−1Mpc in the next mass
bin, and 8 h−1Mpc in the highest mass bin; these radii are
large enough that the central halo has little effect on the
density.
3 HOW MASS LOSS AFFECTS HALO
PROPERTIES
We first motivate our analysis of mass loss mechanisms and
how they affect halo properties by looking at how common
mass loss is among distinct halos at z = 0. In Fig. 1, we
plot the cumulative distribution of the mass loss fraction
(Mvir/Mpeak), which describes how much of a halos’ maxi-
mum mass remains at z = 0. For many halos this fraction is
1 (or, their maximum mass is their current mass). We will
consider halos to be “diminished” when they have experi-
enced mass loss. Halos that have lost more than 5% of their
mass since their peak mass are appreciably diminished. We
will generally consider halos that have lost less than 5% of
their mass since their peak mass to belong to the group of
undiminished – or normal – halos. This distinction between
diminshed and normal halos is provided by the vertical dot-
ted black line in Fig. 1. We see that the lowest mass bin is
composed of roughly 22% diminished halos, while the high-
est mass bin contains about 12%. We haven’t yet established
at what degree of mass loss other halo properties are notice-
ably affected, but clearly a significant fraction of halos are
potentially subject to these effects. An additional point to
establish is that mass loss is more common for lower mass
halos. High mass halos rarely experience dramatic mass loss,
while roughly 5% of low mass halos have lost more than 30%
of their mass since their peak mass.
To begin understanding how mass loss affects other halo
properties, we plot in Fig 2 relations between the mass loss
fraction (Mvir/Mpeak) and several halo properties. Each panel
presents medians of the given relation for each of the four
halo mass bins (we use the same four mass bins through-
out this analysis). For the lowest mass halos we show the
0.01
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Mvir/Mpeak
log10 µ = 11.2± 0.375
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µ =Mvir/(h
−1M)
Figure 1. Cumulative distribution function of mass loss fraction
for distinct halos. We divide our halos into 4 mass bins of width
∆ log10 µ = 0.75. Lower mass halos have typically lost more mass
than higher mass halos. The fraction of halos that have expe-
rienced appreciable mass loss (greater than 5% since their peak
mass) ranges from roughly 12% (highest mass bin) to 22% (lowest
mass bin). Roughly 5% of low mass halos have experienced dra-
matic mass loss (> 30% since Mpeak), while very few high mass
halos have.
20−80% dispersion with light grey shading and the 95% con-
fidence interval on the median in dark grey shading. Higher
mass halos may have similar dispersions, but will have wider
confidence intervals (not shown) due to having fewer halos.
High mass halos also do not extend to very low values of
Mvir/Mpeak since they rarely lose more than about 30% of
their peak mass. We observe similar trends in spin parame-
ter, prolateness, and (inverted) concentration as a function
of mass loss fraction. In each of these properties we iden-
tify a change in one direction coincident with a moderate
amount of mass loss, along with a change in the opposite
direction for heavily diminished halos. For halos in the low-
est mass bin this turnaround occurs at a mass loss level of
roughly 10% Mpeak; for higher mass halos the turnaround
is more gradual and shifted towards higher levels of mass
loss. Overall, we see that low mass halos that have lost be-
tween 5 − 15% Mpeak have lower concentrations, higher spin
parameters, and are more prolate than normal halos, while
those that have lost more than 15% Mpeak have increasingly
higher concentrations, lower spin parameters, and are more
spherical than normal halos.
Looking at the remaining panels of Fig. 2, we see that
moderately diminished halos are far more likely to have had
a recent major merger than normal halos. At least for low
mass halos, there is a strong peak in the typical aLMM co-
incident with a mass loss of about 15% Mpeak, while normal
halos experienced very few recent major mergers. This sug-
gests that merging history may play an important role in
influencing these halo properties, especially in the moderate
© 2017 RAS, MNRAS 000, 1–20
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Figure 2. Median z = 0 relations between mass loss fraction and NFW concentration (CNFW), Bullock spin parameter (λB), prolateness
(P), scale factor of last major merger (aLMM), tidal force (TF), and local density (ρσ). We use the same mass bin definitions as in Fig. 1.
We include only distinct halos. Light grey shading reflects the 20-80th percentile dispersion, while dark grey shading indicates the 95%
confidence interval on the median, shown only for the lowest mass bin. Halos that have lost a small amount of mass (5 − 15% for low
mass halos) tend to have lower concentrations, higher spin parameters, and are more prolate compared to halos that have not lost mass.
Conversely, halos that have experienced more dramatic mass loss (> 20% for low mass halos) display the opposite behaviour: they have
lower concentrations, lower spin parameters, and are more spherical compared to halos that have not lost mass. Additionally, halos that
have lost a small amount of mass are much more likely to have experienced a recent major merger, while halos that have experienced
dramatic mass loss tend to experience higher tidal forces and live in significantly higher density regions than halos that have not lost
mass. These trends are most pronounced for lower mass halos. The competing trends between weak and dramatic mass loss are subdued
and the transition occurs at higher mass loss fractions for higher mass halos.
© 2017 RAS, MNRAS 000, 1–20
Tidal Stripping and Post-Merger Relaxation 5
mass loss regime, where we observe the strongest correlation
with aLMM.
Finally, in the bottom two panels of Fig. 2, we show
the relations between tidal force, local density and mass loss
fraction. We see a monotonic relationship with mass loss
fraction in both cases and for all mass bins. Halos that have
lost more mass tend to be experiencing stronger tidal forces
and are found in higher density regions than those that have
lost less mass. We note that the tidal force we’ve used is an
approximation of the true tidal force, since for each halo we
consider only the force from the single most tidally influen-
tial nearby halo. The local density, however, is computed by
smoothing the particle data from the simulation, providing
an accurate indication of the density of the surrounding en-
vironment. We expect that the plateauing of the tidal force
for halos that have lost more that about 40% Mpeak is an ar-
tifact of our approximation method, and that the true tidal
force would scale more linearly with mass loss fraction, as
does the local density.
Given these relationships between the intensity of halo
mass loss and other halo properties, we found it natural to
propose two distinct mass loss mechanisms:
(i) mass loss due to relaxation after a recent major
merger, and
(ii) mass loss due to tidal stripping in very high density
environments.
These two mechanisms are not exclusive, and in (somewhat
rare) cases can both be contributing to mass loss simulta-
neously. To quantify these processes, we divide all halos in
each mass bin into one of four groups, labelled as follows:
• Tidal Stripping (TS): potentially subject to tidal strip-
ping (has experienced tidal force > 1 since Mpeak), but
has not experienced mass loss from a recent major merger
(aLMM < 0.45);
• Relaxation (R): not subject to tidal stripping, but po-
tentially subject to mass loss during the relaxation period
following a recent major merger (aLMM > 0.45);
• Tidal Stripping + Relaxation (TS+R): potentially sub-
ject to both tidal stripping and relaxation mass loss follow-
ing a recent major merger;
• Neither (N): does not satisfy conditions for either mass
loss mechanism.
Note that we have not yet imposed any selections based
on mass loss directly. Each of these groups contain halos that
cover a broad range of mass loss levels, including zero mass
loss. In certain subsequent figures, we’ll specifically select
diminished halos (those that have lost > 5% of their peak
mass) from these groups to emphasize the effects of each
mass loss mechanism.
In Fig. 3, we show a visual representation of how these
groups are organized (with shape areas representative of the
mass bin centred on log10 Mvir/M = 11.2); additionally, in
Fig. 4 we show how many diminished halos fall into each of
these groups for each of the four mass bins in our analysis.
We find that low mass halos are the most likely to be poten-
tially subject to tidal stripping alone (about 23% of halos in
our lowest mass bin are in group TS compared to only about
2% of halos in the highest mass bin). However, high mass
halos are more commonly subject to major merger induced
mass loss (about 67% of halos in our highest mass bin are
TS
R
TS+R
N
Neither: TF < 1 since aMpeak
aLMM < 0.45
Relaxation:
aLMM > 0.45
Tidal Stripping: TF > 1 any time since aMpeak
Figure 3. We present a visual representation of the four mass loss
group labels we use in this analysis. All halos in each mass bin
are assigned to one of these groups according to their tidal force
and major merger history. TS (tidal stripping) halos are subject
to tidal stripping only, R (relaxation) halos are subject to post
major merger mass loss only, TS+R halos are subject to both
tidal stripping and post-merger mass loss, and N (neither) halos
do not satisfy the conditions for either mass loss mechanism.
in group R compared to only about 39% of low mass halos).
Few halos are potentially subject to both mass loss mech-
anisms (group TS+R), with the total ranging from 15% of
low mass halos to only 7% of high mass halos. The com-
bined fraction of halos that are potentially subject to these
two mass loss mechanisms (groups R, TS, and TS+R) is
about 77% for all mass bins.
3.1 Post-Merger Relaxation and Mass Loss
The most common mass loss mechanism for dark matter
halos is the shedding of excess high energy material in the
aftermath of a halo merger event. From Fig. 4 we can see
that halos with a recent major merger but no recent history
of high tidal force (group R) are by far the most common
group of mass loss candidates. In Fig. 5, we show the cu-
mulative distribution functions of the mass loss ratio for all
halos in groups N, TS, and R to highlight the distribution
of diminished halos among those that, respectively, do not
appear to be influenced by tidal or post-merger mass loss,
are susceptible to tidal stripping exclusively, and are suscep-
tible to post-merger mass loss exclusively. We additionally
plot in the right column the minimum mass loss fraction
since the peak mass for halos in groups N and TS and since
the scale factor of the last major merger for halos in group
R. We see that about 6% (low mass) – 8% (high mass) of
group N halos have lost more than 5% of their peak mass
at z = 0, a much lower fraction than the 12 − 22% of all
halos (Fig. 1). Essentially no group N halos have lost more
than 20% of their peak mass. Clearly, removing halos asso-
© 2017 RAS, MNRAS 000, 1–20
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Figure 4. Fraction of halos in each mass loss group for different
halo mass bins. From each group, we show only the subset of dis-
tinct halos that have lost more than 5% of their peak mass. We
use the same mass bin definitions as in Fig. 1. Group N halos are
not apparently subject to the mass loss mechanisms we identify
in this analysis, Group TS halos are potentially subject to tidal
stripping but not major merger induced mass loss, Group R halos
are potentially subject to mass loss following a major merger but
not tidal stripping, and Group TS+R halos are potentially sub-
ject to both tidal stripping and major merger induced mass loss.
Diminished lower mass halos are much more likely to be found
in Group TS (about 23% of diminished low mass halos compared
to only about 2% of diminished high mass halos), but less likely
to be in Group R (about 39% of diminished low mass halos com-
pared to about 67% of diminished high mass halos). Altogether,
about 77% of diminished halos fall into one of the three mass loss
groups (TS, R, and TS+R); the remaining 23% of halos (group
N) have likely lost mass via minor mergers.
ciated with possible mass loss mechanisms (groups TS, R,
and TS+R) also removes the majority of diminished halos,
leaving only a small percentage of weakly diminished halos.
The small number of remaining group N halos experienced
mass loss either due to a third mechanism, or due to weaker
manifestations of tidal stripping (with tidal force below 1)
or merger-induced mass loss (from a minor merger); we will
further investigate these possibilities shortly.
Looking at the distribution of the mass loss fraction
among group R halos (those that experienced a recent ma-
jor merger but no tidal stripping; Fig. 5, middle row), we
see that roughly 18% (low mass) – 32% (high mass) of ha-
los are diminished. However, the distribution changes con-
siderably when looking at the minimum mass loss fraction
since the last major merger; in this case, the fraction of di-
minished halos jumps to roughly 48 − 68% of all group R
halos. Furthermore, we see that nearly all group R halos
experienced mass loss of a few percent of their peak mass
or more, with lower mass halos tending to lose more mass
than higher mass halos. Most major mergers cause losses of
around 5−15% Mpeak and very few result in heavy mass loss
of more than ∼ 20% Mpeak, consistent with the trends from
Fig. 2 that peak around Mvir/Mpeak ≈ 0.90 for low mass ha-
los (lower concentration, higher spin, more prolate halos).
Once halos have relaxed and begun re-accreting material af-
ter a major merger, they will eventually return to and exceed
their original peak mass and restore the mass loss fraction
to 1. This explains why the left panel (mass loss fractions
at z = 0) is so different from the right panel; many of the
halos have completed the mass loss process and begun re-
accreting, reducing their apparent mass loss fraction.
Let’s look in detail at a typical example of mass loss
following a major merger. In Fig. 6, we show for an individ-
ual halo the particle distribution and density profile at two
different snapshots (z = 0.19 and z = 0.63), as well as the
full evolution of various halo properties since z = 2, includ-
ing halo mass (Mvir), virial radius (Rvir), maximum circu-
lar velocity (Vmax), NFW scale radius (Rs), spin parameter
(λB), prolateness (P), tidal force (TF), offset between den-
sity peak and center of mass (Xoff) and virial ratio (T/|U |).
We’ve chosen these two snapshots to highlight the effects of
this mass loss scenario on halo properties. At z = 0.63 (left
main panel), the merging halo has just crossed the virial ra-
dius of the main halo; this is the snapshot that Rockstar
associates with the merger event. At the same time, we see a
sharp increase in halo mass, virial radius, scale radius, spin
parameter, prolateness, Xoff , and virial ratio. Vmax displays a
slightly delayed response, and tidal force does not change ap-
preciably. The density profile develops a distinct hump due
to the merging core that migrates towards the center of the
main halo before splashing back. This behaviour causes cor-
responding oscillations in the scale radius (which fluctuates
due to a poor NFW fit to the temporarily shallower-than-
expected outer profile), prolateness, and Xoff . We don’t ex-
pect to see oscillations in all properties; spin parameter, for
example, is not strongly affected by these dynamics. The
halo quickly begins to relax, even as additional material
flows in following the main merger. By the time the halo
mass and virial radius have peaked, most other properties
are settling back to historically typical values. The net mass
accretion rate turns negative and the halo mass and virial
radius start shrinking as high energy loosely bound mate-
rial escapes beyond the virial radius. At z = 0.19 (right main
panel), the net accretion rate turns positive again; this is the
minimum value of Mvir/Mpeak this halo will reach due to this
merger (∼ 0.8 in this case). At this point, most halo proper-
ties have settled considerably, but scale radius, prolateness,
and spin parameter are still somewhat elevated above typical
levels. All of the recently accreted material has accumulated
along the outermost curved layer of the distribution, with
material continuing to flow both in and out along this tra-
jectory. The density profile has smoothed out and appears
roughly NFW. We have also created movies that show the
full evolution of the halos in Figs. 6 and 7, which are publicly
available. 2
In Figs. 8 and 9, we show the distributions of many halo
properties for diminished halos from groups N, TS, R, and
TS+R along with non-diminished halos from all groups. We
select only diminshed halos from each group to highlight how
different types of mass loss influence other halo properties.
The distributions are not normalized and have consistent
bin sizes within each panel, providing an accurate repre-
sentation of the relative abundances of halos in each panel.
2 https://goo.gl/Qtf9i9
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Figure 5. Cumulative distribution functions of mass loss fraction for distinct halos that are tidally stripped (group TS, top row), have
had a recent major merger (group R, middle row), and are neither tidally stripped nor had a recent major merger (group N, bottom
row). We use the same mass bin definitions as in Fig. 1. In the left column we define the mass loss fraction for each halo as the ratio of
final halo mass at z = 0 to peak halo mass, while in the right column we instead compute the fraction using the minimum virial mass
since the halo reached Mpeak (or since aLMM for group R halos). This allows us to compare the distribution of mass loss fractions at z = 0
compared to the distribution of peak mass loss for each group. Different coloured lines represent different mass bins. We see that TS
halos experienced the greatest mass loss, with very little cumulative increase in peak mass loss (right column) compared to mass loss at
z = 0 – an indication that nearly all TS halos are actively losing mass at z = 0 and are not likely to recover. Roughly 40% of TS halos in
the lowest mass bin experience a peak mass loss of greater than 20%. We also see a strong mass dependence with TS halos; high mass
halos experience far less tidal stripping than low mass halos. For TS halos in the lowest mass bin only, we use the thin dashed black line
to additionally show the distribution for those that have never been subhalos; to facilitate comparison this curve is not independently
normalized, but rather uses the same normalization as the full mass bin (solid black curve). We see that only about 35% of diminished
low mass halos have never been subhalos, and that almost all halos stripped of more than 20% of their peak mass have been subhalos
previously. Only about 30% (left panel) of low mass group R halos have lost more than 5% of their peak mass at z = 0; however, nearly
70% (right panel) of these same halos experienced a peak mass loss of more than 5% since their last major merger. This points out that
mass loss following a major merger is the norm, rather than the exception. Further, about 50% of all group R halos experienced a peak
mass loss of between 5 and 15% (about 20% lost more than 15% of their peak mass, and 30% lost less than 5%). Most of these halos have
resumed accreting material by z = 0, substantially reducing the amount of mass loss present in the z = 0 distribution. While high mass
halos lose less mass from mergers than low mass halos, there is not a strong mass dependence among group R halos. Group N halos still
exhibit weak amounts of mass loss, but significantly less than the key TS and R mass loss groups. About 12% of group N halos experience
a peak mass loss of greater than 5%, with very little mass dependence. These group N distributions seem roughly consistent with the
amount of mass loss we’d expect from minor mergers alone, which we expect to be the leading cause of mass loss among group N halos.
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Figure 6. Particle distributions, density profiles, and halo property evolution of an individual group R halo at two distinct snapshots.
Large panels show the distribution of particles at z = 0.63 (left) and z = 0.19 (right). On the x-axis (y-axis) we plot the magnitude of
the radial (velocity) vector of each particle, with the center and bulk velocity of the halo as the origin. Individual particles are coloured
according to the redshift they are first accreted onto the halo (the associated colour bar is in units of 1+z). Solid points represent particles
that will remain bound to the halo at z = 0, while open circles represent particles that will be removed from the halo by z = 0. Gray
coloured particles are unbound. In each large panel, we also indicate the current simulation snapshot, scale factor, fraction of particles
that are bound ( fb), and the current location of Vmax, Rs , and Rvir. In the associated colour bar on the right, the yellow star indicates
the occurrence of a major merger, while the cyan and green circles indicate the current time. The (bottom) panels below the particle
distributions show the halo density profiles at each snapshot. We scale the profiles by r3 to highlight deviations of the outer profile from a
r−3 (NFW) slope. The associated color bar on the right indicates the log r − log ρ slope of the density profile. For an NFW halo, the slope
would be -1 (dark blue) below Rs , and -3 (purple) above Rs . Black sections indicate extremely shallow profiles, while red and orange
sections indicate very steep profiles. The rightmost column of plots show the full evolution of mass, virial radius, Vmax, scale radius, spin
parameter, prolateness, tidal force, Xoff , and virial ratio for this halo from z = 2 to 0. The green (cyan) circles indicate the location of the
left (right) main panels. The vertical blue dashed line shows where a major merger occurs, and the blue shaded regions indicate periods
of mass loss. Mass, virial radius, and Vmax are each normalized by their z = 0 values. We’ve chosen these two snapshots to highlight the
way a major merger followed by mass loss affects halo properties. The left main panel (z = 0.63) coincides with the last major merger.
We see that a large cluster of recently accreted blue and pink material has just crossed the virial radius – this is the merging halo. The
presence of this new material temporarily reduces the slope of the outer density profile, causing the scale radius to expand (along with
Xoff , P, and T/ |U |). The right main panel (z = 0.19) coincides with the time of peak net mass loss (minimum Mvir since Mpeak) following
the major merger. At this point the halo has revirialized and its density profile is closer to NFW. Some new material continues to flow
in along the outermost layer of the distribution, while material from the merger still flows out in the opposite direction. Much of the
material accreted the newly accreted material has settled in this outer band, with very few particles occupying the low v, low r region
of the distribution. Some halo properties like Rs , λB, and P still remain elevated compared to their pre-merger levels, but these continue
to decline as the accretion rate increases.
Starting with tidal force (TF; Fig. 8 Row 1), we see that
most halos with very high TF values (> 1) are diminished
group TS halos. Note that this indicates that diminished
group TS halos are more abundant than non-diminished TS
halos (which would contribute to the gray line), consistent
with the CDFs from Fig. 5. We also see a tail of diminished
group TS and TS+R halos with TF < 1 at z = 0, which in-
dicates that at least some halos experience high TF shortly
after they reach their peak mass (qualifying them to be in
group TS or TS+R), but subsequently return to lower TF
regions by z = 0. The TF distribution of diminished group
N and R halos is similar to that of non-diminished halos,
and is limited to the range 0 < TF < 1 by the group assign-
ment criteria. The distributions of local density (Fig. 8 Row
2) provide qualitatively similar information as the TF dis-
tributions (since TF correlates strongly with local density;
see Lee et al. 2017). However, we do observe more overlap
between local density distributions of low TF (groups N and
R) and high TF (groups TS and TS+R) halos than for the
TF distributions.
Especially notable for halos that recently experienced a
major merger are the next several properties from Fig. 8: P,
aLMM, CNFW, and λP. Among the diminished halos, we see
that halos from group R are significantly more prolate that
halos from groups N, TS, and TS+R on average. Group R
halos have a peak CNFW similar to that of group N halos, but
have notably more low concentration halos than diminished
halos from the other groups, and also have the highest spin
parameters. The distributions of aLMM reflect the group se-
lection criteria (aLMM = 0.45 is the dividing epoch between
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groups N/TS and R/TS+R), but also reveal an interesting
peak around aLMM = 0.7 for diminished group R halos. This
peak provides an indication of the characteristic mass loss
timescale – the mean time delay between a major merger
event and subsequent peak mass loss (in this case fixed at
z = 0). Halos in group R with aLMM < 0.7 likely have begun
accreting again, but may not yet have surpassed their previ-
ous peak mass by z = 0, while group R halos with aLMM > 0.7
are likely actively losing mass and have not yet reached their
minimum mass.
From Fig. 9 Row 1, we see that weakly diminished ha-
los (with a mass loss fraction ∼ 0.8− 0.95) are dominated by
group R, followed by group N. Strongly diminished group R
halos are much less common than those from groups TS and
TS+R, reflecting the same trends observed from the CDFs
from Fig. 1. The distribution of mass loss among diminished
group N halos is similar in shape to that of diminished group
R halos, but falling off more quickly with increasing mass
loss. As do group R halos, weakly diminished group N halos
(Mvir/Mpeak >∼ 0.85) dominate over group TS and TS+R ha-
los in the same mass loss regime, but group N halos are the
least common among those that have lost more than 20% of
their peak mass. This strongly suggests that the processes re-
sponsible for mass loss in group N halos may be similar to the
relaxation-based process attributed to mass loss in group R
halos (e.g. mass loss after a minor merger). We additionally
see in the remaining rows of Fig. 9 that diminished group R
halos are on average the least symmetric (highest Xoff), and
the least relaxed (highest T/|U |) compared to diminished
halos from the other groups. This is consistent with the the
proposed major-merger induced mass loss mechanism. Halos
undergoing a major merger would become temporarily un-
relaxed and have two cores, increasing both T/|U | and Xoff
before simultaneously undergoing mass loss and relaxation.
We’ve additionally followed the most massive progeni-
tors of the same populations plotted in Figs. 8 and 9 (dimin-
ished group N, R, TS, TS+R and not diminished halos) and
determined median halo properties of these populations out
to high redshift (z ∼ 7). In Fig. 10, we follow the evolution of
NFW concentration (CNFW), Bullock spin parameter (λB),
virial mass (Mvir), and specific mass accretion rate ( ÛM/M).
We find that diminished group R halos all exhibit a signif-
icant change in behaviour around z ≈ 0.5 (a ≈ 0.7), consis-
tent with the strong peak in aLMM ≈ 0.7 from Fig. 8 Row
4. At this epoch, diminished group R halos undergo a de-
crease in concentration, sharp increase in spin, and increase
in specific accretion rate. These halos subsequently regress
back towards higher concentrations and lower spins as they
approach z = 0, but still remain with significantly lower con-
centrations and higher spins at z = 0 compared to the other
populations plotted. After the increase in accretion rate co-
incident with the last major merger, these halos experience
a sharp drop in accretion rate than dips below zero briefly,
before returning to zero at z = 0. This clearly illustrates the
mass loss phenomenon these recently merged halos experi-
ence – an initial surge in mass from the merging halo (which
also sets Mpeak), followed by a period of mild mass loss as
the halo relaxes and sheds high energy material. Interest-
ingly, diminished group N halos exhibit each of these trends
as well, but with less deviation from their historic median
values compared to group R halos. This gives further weight
to the suggestion that diminished group N halos have likely
experienced mass loss due to a minor merger, rather than
unaccounted-for tidal stripping or some other new mass loss
mechanism. We additionally note that all halo populations
plotted have similar median concentrations and spins at high
redshift, while diminished group R halos were the least mas-
sive and slowest accreting halos, followed by group N, group
TS+R, and group TS halos, respectively. These trends are
consistent across all mass bins shown, a further indication
that this merger-induced mass loss is a general phenomenon
affecting a wide range of halo masses in a similar fashion.
From Fig. 11 Rows 2 and 3, we see that for diminished
group R halos, changes in concentration (CNFW ≡ Rvir/Rs)
stem almost entirely from changes in Rs rather than Rvir. The
scale radius is strongly amplified during the major merger,
and remains substantially elevated at z = 0 even after re-
gressing during the post-merger relaxation phase. We do not
interpret this dramatic fluctuation in scale radius as a shift
in the log ρ − log Rvir slope change from -1 to -3 as is typi-
cally expected for an NFW halo, but rather as a result of a
poor fit to a halo profile that no longer resembles the NFW
profile. Attempting to fit an NFW profile to an unrelaxed
halo with a recent accumulation of mass in the outer regions
will tend to produce an artificially elevated scale radius in
an attempt to compensate for the shallower than expected
outer profile slope. Again, we note that diminished group N
halos mirror the Rs evolution of diminished group R halos,
but do not experience as dramatic a response.
Finally, we see from Fig. 12 that diminished group
R halos undergo a sharp increase in prolateness, asymme-
try, and virial ratio coincident with the typical last ma-
jor merger epoch. The prolateness measured at Rvir peaks
strongly shortly after the merger and then subsides, but re-
mains elevated compared to all other groups at z = 0. When
measured at R500c , prolateness peaks shortly after PRvir does,
and is less dramatic than the peak in PRvir , consistent with
the picture that a typical merging halo will initially dis-
rupt the outer halo and become substantially stripped be-
fore punching into the inner part of the halo. The peak in
Doff and T/|U | coincide with the peak in PRvir , indicating
that halos become less symmetric (halo density peak and
center of mass becoming misaligned to due the addition of
an off-center clump of material from the merging halo) and
unrelaxed. Of the trends shown in Fig. 12, T/|U | shows the
least dramatic divergence for diminished group R halos com-
pared to diminished halos from groups TS, TS+R, and N.
By z = 0, diminished group R halos have largely completed
the relaxation process, returning to values of Doff and T/|U |
comparable to the non-diminished halos. Group N dimin-
ished halos exhibit similar behavior as those from group R,
but are much more weakly elongated, especially when mea-
sured at R500c , and typically fully relaxed by z = 0. These
trends are consistent for all four mass bins shown, albeit
with more uncertainty present at higher masses due to low
number statistics.
This leaves us with a detailed and coherent picture of
how major mergers affect the properties of dark matter halos
and ultimately induce mass loss through relaxation. Dimin-
ished group R halos, which are those we identify at a = 1 as
being most directly subject to this process, typically expe-
rienced a major merger around a = 0.7. The physical prop-
erties of the host halo begin to change dramatically as the
incoming halo impinges on the host, becomes tidally dis-
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Figure 7. Same as Fig. 6, but showing a group TS halo at z = 0.54 and z = 0.18. In this case, no major mergers occur. In the property
evolution plots in the rightmost column, red shading indicates periods of mass loss where tidal force is greater than 1 (i.e. tidal stripping).
Blue shading indicates periods of mass loss where tidal force is less than 1. The bold red portion (from roughly z = 0.54 to 0) indicates
where tidal force is greater than 1, and the additional bold purple section shows when this halo is a subhalo of a more massive halo.
We’ve chosen these two snapshots to highlight the affect of tidal stripping on halo properties. The left main panel (z = 0.54) coincides
with the peak mass and where tidal force becomes greater than 1. We see that most of the (relatively recently accreted) material in the
outer part of the halo will be lost by z = 0. Shortly after this, the halo becomes a subhalo and experiences much stronger tidal forces.
The right main panel (z = 0.18) coincides with the minimum tidal force (roughly TF = 1) after the halo again becomes a distinct halo.
At this point halo mass, virial radius, Vmax, scale radius, spin, and prolateness have all decreased relative to their pre-subhalo values.
We can see a clear separation between the distribution of material in the inner halo and outer halo, and a corresponding steepening of
the density profile around this same radius. The decrease in scale radius is a direct consequence of this steepening of the outer density
profile. By z = 0, the halo will be nearly entirely stripped of the puffed-out outer region.
rupted, and deposits material on the host halo. The host
halo becomes less concentrated, since the NFW scale radius
increases to accommodate the recent accumulation of mate-
rial in the outer profile. Simultaneously, the spin parameter
and halo prolateness typically increase due to a non-zero
impact parameter and a preferred axis of accretion (merg-
ers would tend to flow along the directions of pre-existing
filaments or sheets). The host halo becomes increasingly un-
relaxed and less symmetric during this brief mass accretion
phase of the merger. As the core of the merging halo becomes
fully disrupted and integrated into the host halo, the system
relaxes and once again becomes more concentrated, lower
spin, less prolate, and more symmetric. The net mass ac-
cretion rate turns negative as the amount of newly infalling
material decreases and high energy material gradually dissi-
pates or is moved outside the virial radius of the halo. This
is what constitutes the post-merger mass loss mechanism.
Post-merger mass loss peaks very shortly before z = 0 for
diminished group R halos, after the halos have relaxed con-
siderably, but still have considerably higher spin parameters
than before the merger.
3.2 Tidal Stripping
The other principal mass loss mechanism we’ve identified in
this work is the tidal stripping of material from the outer
regions of halos, which primarily occurs in high density re-
gions as a result of strong tidal forces from a nearby mas-
sive halo. In Fig. 5 Row 1, we see that nearly all group
TS halos (those that have had TF > 1 at any point since
their peak mass), have less mass at z = 0 compared to their
peak mass. A majority (66%) of halos in the lowest mass bin
(log10 µ = 11.2 ± 0.375) are diminished at z = 0, and about
30% of these halos have lost more than 30% of their mass, a
far greater fraction than group R halos from the same mass
bin, even when comparing to their maximum mass loss since
their last major merger. The left and right panels of the
group TS distributions are nearly identical, indicating that
these halos are at their historic minimum mass at z = 0. In
other words, halos that undergo tidal stripping do not gen-
erally recover and begin accreting rapidly again. If that were
common behaviour, we would expect to see a vertical shift
in the right panel (minimum Mvir/Mpeak since Mpeak). This
suggests that most group TS halos either become subhalos
or disappear completely in subsequent timesteps. There is
also a strong mass dependence in the distribution of mass
loss fraction among group TS halos. High mass halos are
much less likely to be heavily stripped than low mass halos
© 2017 RAS, MNRAS 000, 1–20
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Figure 8. Distributions of tidal force, local density, prolateness, scale factor of last major merger, NFW concentration, and Bullock spin
parameter for all distinct halos that have not lost a significant amount of mass and for distinct halos that have lost mass in Groups N,
TS, R, and TS+R. We use the same mass bin definitions as in Fig. 1. Vertical axes show the number of halos in each horizontal bin;
all distributions in a given row have the same horizontal bin width to allow for direct comparison to other distributions in the same
panel. Values on the horizontal axes correspond to the halo property labelled in the rightmost column of a given row. We divide these
distributions into our usual four mass bins, with the lowest mass bin in the leftmost column. The grey lines indicate distributions for
all halos in a given mass bin that have not lost more than 5% of their mass since Mpeak. The solid blue, solid red, dashed blue, and
dashed red lines represent halos that have lost more than 5% of their mass since Mpeak and additionally belong to groups N, TS, R, and
TS+R, respectively. We see that most halos experiencing high tidal forces and in high density regions have been tidally stripped by more
than 5%, while diminished halos in groups N and R have similar tidal force and local density distributions compared to undiminished
halos. Halos experiencing purely tidal stripping (group TS) are less prolate, more concentrated, and have lower spins than undiminished
halos. Those that experienced purely merger induced mass loss (group R) are more prolate, less concentrated, and have higher spins.
The majority of halos with a last major merger around a = 0.7 are diminished group R halos.© 2017 RAS, MNRAS 000, 1–20
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Figure 9. Same as Fig. 8, but showing mass loss ratio (Mvir/Mpeak), offset between halo center of mass and density peak (Xoff), and
virial ratio (T/ |U |). We use the same mass bin definitions as in Fig. 1. We see that Group R halos dominate the population of halos that
have only experienced moderate mass loss (between 5 and 20% of their peak mass for low mass halos), while tidally stripped Group TS
halos are the most common among heavily diminished halos. Group TS halos have slightly lower Xoff and T/ |U | on average compared to
undiminshed halos, while Group R halos have slightly higher Xoff and T/ |U | on average. These trends are consistent with our proposed
mass loss mechanisms of tidal stripping and post-merger relaxation for Groups TS and R, respectively.
(66% of low mass halos are diminished at z = 0, compared to
only 24% of high mass halos). This may be a result of fewer
sufficiently massive neighbouring halos for high mass halos
than low mass halos. High mass halos tend to be dispersed
throughout the cosmic web in nodes and thick filaments,
and are less likely to come in contact with another halo suf-
ficiently massive to tidally disrupt it and induce mass loss.
Additionally, we have not excluded the possibility of recent
minor mergers contributing to mass loss. For low mass group
TS halos, we expect mass loss to be primarily due to tidal
stripping, but some of the high mass diminished group TS
halos in our sample may be experiencing mass loss due to
a recent minor merger; indeed, the distribution of of these
halos is similar in shape to the distribution of group R and
group N halos.
Again, we take a look at an example of an individual
halo experiencing significant mass loss via tidal stripping.
Fig. 7 shows the particle distribution and density profile of
the halo at two key snapshots (z = 0.54 and z = 0.18), as
well as the full evolution of many halo properties since z = 2.
We’ve chosen these two snapshots to highlight the effects of
this mass loss scenario on halo properties. At z = 0.54 (left
main panel), the halo is just crossing into a region with tidal
force > 1, indicating that the Hill radius RHill from a massive
© 2017 RAS, MNRAS 000, 1–20
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nearby halo is smaller than the virial radius of the halo (i.e.,
that weakly bound material in the outer part of the halo
will be stripped away). This snapshot also coincides with
the peak mass of the halo and the start of nearly continu-
ous mass loss for the remainder of the simulation runtime.
At Mpeak, most other halo properties have not yet changed
significantly in response to tidal effects, although we already
see a mild steepening of the outer density profile just before
Rvir, as well as a build up of bound and unbound mate-
rial outside the virial radius. Shortly after Mpeak, the halo
punches into a more massive halo and becomes a subhalo
(indicated by the thick purple line segment in the property
evolution panels on the right). This results in a brief increase
in virial ratio and a strong peak in tidal force; most other
halo properties fluctuate mildly during this period, though
we also expect halo finder noise to increase significantly in
such regions of extreme density. The (sub)halo re-emerges
from the massive halo and again becomes a distinct halo. At
z = 0.18 (right main panel) the tidal force drops to 1 again,
marking the end of the very high tidal force event, although
it does not decrease below 1 for the remainder of the sim-
ulation. By this time, halo mass and radius have decreased
significantly compared to their peak values, and continue
to decline. Scale radius, spin parameter and shape have all
decreased notably. The outer density profile falls off faster
than r−3 just before Rvir, causing the NFW fit to artificially
suppress the scale radius. It is perhaps clearer to visually
detect from the particle distribution the separation between
the inner core of the halo and the soon-to-be-stripped mass
of material sitting near the virial radius. Likely, the removal
of so much material on the outskirts of the halo, in particular
high energy material on very elliptical orbits, contributes to
the overall sphericalization and decrease in spin parameter
that we see during this process. These trends largely con-
tinue towards z = 0, by which time the halo has lost roughly
35% of its peak mass.
The trends observed for the individual halo in Fig. 7 are
consistent with those observed for the whole population of
group TS halos. From Fig. 8, we’ll focus our discussion on
Rows 3-6. We see that diminished group TS halos are the
least prolate (most spherical), compared to all other popula-
tions plotted. At least at low masses, the prolateness distri-
bution of group TS halos both peaks at a lower prolateness
and is skewed towards lower prolateness values. Group TS
halos have significantly higher average concentrations com-
pared to the other groups. The concentration distribution
peaks around CNFW = 32 for group TS (compared to only
about 11 for group R halos), but also has a higher disper-
sion. Very few diminished group TS halos have concentra-
tions below about 10, while this is common for group R and
non-diminished halos. These halos also have the lowest av-
erage spin parameter compared to the other groups plotted.
While the peak spin parameter of diminished group TS halos
is only slightly below that of group N halos, the distribution
is skewed towards lower spins. These trends indicate that di-
minished group TS halos are most differentiated from other
halos by their much higher average concentration, but also
are typically more spherical (less prolate) and have lower
spins. These trends are all weaker at higher masses; the
properties of group TS halos are more differentiated from
the remaining populations at lower masses.
As expected, diminished group TS+R halos display
trends that are somewhat intermediary between those of
group TS and group R. They have a prolateness distribution
similar to that of the non-diminished halos, though peak at
slightly lower prolateness. There is a subtle peak in aLMM
around 0.7, coincident with the peak in group R halos, indi-
cating merger-induced mass loss is at least partly responsible
for the differences in halo properties of group TS+R halos
compared to non-diminished halos. These halos also have
a higher average concentration than group R, N, and non-
diminished halos, but less than group TS halos. The spin
distribution of group TS+R halos is similar in shape to that
of group N and non-diminished halos, but with an excess of
high spin halos (at least for the lowest mass bin).
From Fig. 9 we see that low mass diminished group TS
and TS+R halos have a dramatically different distribution of
mass loss ratio compared to group R and N halos. While ha-
los from all groups are more likely to be less diminished than
more diminished, group TS and TS+R halos are much more
likely to be heavily diminished (Mvir/Mpeak < 0.7) than group
R and N halos. Since the distributions of TS and TS+R
halos are nearly identical (with only a difference of overall
abundance), we expect that tidal stripping is the dominant
mass loss mechanism affecting group TS+R halos, rather
than post-merger mass loss. The distributions of Xoff are
not remarkable for group TS and TS+R halos, with only a
slight tendency towards lower Xoff for group TS halos (more
symmetric). Group TS+R halos are about as relaxed as non-
diminished halos, while the purely tidally stripped group TS
halos tend to be more relaxed (at least, with lower T/|U |)
than any of the other groups. This isn’t surprising, since
tidal stripping should be a relatively distributed process, af-
fecting mostly the outer regions of the halo and especially
any loosely bound, high energy particles on highly elliptical
orbits. As has been repeated before, these trends hold espe-
cially for the lower mass halos, and begin to break down or
lose statistical weight at higher masses.
Examining the evolution of halo properties for dimin-
ished group TS and TS+R halos further clarifies the role
tidal stipping plays in shaping key halo properties like con-
centration, spin and shape, among others. In Fig. 10 we see
that low mass diminished group TS and TS+R halos develop
increasingly higher concentrations, which diverge from those
of the non-diminished halos around z = 1. We expect this is
roughly the epoch when these halos enter high density re-
gions and begin to experience very high tidal forces. Indeed,
shortly following the divergence in concentration, the me-
dian mass of group TS and TS+R halos plateaus and begins
to decline in response to tidal stripping. Group TS halos have
consistently higher concentrations than group TS+R halos
since z = 1, while the median concentration of group TS+R
halos initially drops below that of non-diminished halos, be-
fore rapidly increasing and surpasing them by z = 0. These
fluctuations may be due to the combination of early concen-
tration suppression by a major merger, followed by concen-
tration amplification from tidal stripping. The spin param-
eters of diminished group TS halos follow a distinct trend
compared to all other groups shown. At least for the lower
mass halos, those experiencing purely tidal mass loss also
demonstrate increasingly reduced spin parameters. While
all halo populations had similar median spins above roughly
z = 2, those in group TS diverge sharply from the non-
diminished halos shortly after z = 0.5, around the same time
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Figure 10. NFW Concentration, spin parameter, mass, and specific mass accretion rate histories for all distinct halos that have not lost
a significant amount of mass (not diminished (ND): Mvir/Mpeak > 0.95) and for distinct halos that have lost mass (Mvir/Mpeak < 0.95) in
Groups N, TS, R, and TS+R. We use the same mass bin definitions as in Fig. 1. The curves reflect median properties of the progenitors
of the z = 0 halo populations. The dark grey shading reflects the 95% confidence interval on the median and the light grey shading
reflects the 20 − 80% dispersion of each property, shown only for Group TS halos. Each halo mass curve is normalized to the z = 0
value of the not diminished (ND) curve in each mass bin. We see that halos experiencing purely tidal mass loss (Group TS) experience
amplified concentrations, reduced spin parameters, and heavily reduced accretion rates and halo mass at late times. In contrast, halos
that underwent purely merger induced mass loss (Group R) exhibit temporarily reduced concentrations, strongly amplified spins, and a
recent burst of accretion, followed by mild mass loss. Group TS+R halos display milder trends consistent with both tidal stripping and
relaxation, while Group N halos display trends that are most consistent with those from Group R, but subdued, suggesting these may
be halos experiencing weaker relaxation-based mass loss from minor mergers.
the specific mass accretion rate reaches a minimum. We in-
terpret this to be a result of preferential removal of high
energy material on highly elliptical orbits, reducing the net
angular momentum of the halo. Interestingly, group TS+R
halos have a fairly different spin parameter evolution than
group TS halos, even for the lowest mass bin, seen by the
increase in spin parameter around z = 1. This is presum-
ably in response to a major merger, and results in a broader
peak in spin parameter compared to that experienced by
group R and N halos. For the specific mass accretion rate
(bottom row), we see that for low mass group TS halos the
net accumulation of material drops below zero shortly be-
fore z = 0.5 and reaches a minimum shortly before z = 0,
but never substantially recovers. Group TS+R halos display
similar behaviour, but additionally experience the character-
istic bump in accretion rate from a major merger typically
around z = 1. Note that the typical last major merger expe-
rienced by group TS+R halos occurs around z = 1, while for
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Figure 11. Same as Fig. 10, but showing tidal force, virial radius (Rvir), scale radius (Rs), and maximum circular velocity (Vmax). To
efficiently compare different mass bins, we normalize Rvir, Rs, and Vmax by the median values of the not-diminished (ND) population at
z = 0. Note that the Rvir curves must converge at z = 0 as a consequence of the halo mass curves (Fig 10 Row 3) converging at z = 0. We
see that halos experiencing purely tidal mass loss (Group TS) typically experience much stronger tidal forces starting around z ≈ 1−2 and
peaking shortly before z = 0, strongly depressed scale radii and mildly reduced maximum circular velocity, both roughly coincident with
the increase in tidal force. In contrast, halos that underwent purely major merger induced mass loss (Group R) exhibit consistently low
tidal force, temporarily amplified scale radii, and a jump in maximum circular velocity roughly coincident with the major merger. Group
TS+R halos display milder trends consistent with both tidal stripping and post-merger mass loss, while Group N halos display trends
that are most consistent with those from Group R, but subdued, suggesting these may be halos experiencing weaker relaxation-based
mass loss from minor mergers.
group R halos it peaks around z = 0.5. This is likely due to
the dominance of tidal stripping in the late phase of these
halos’ evolution. Mergers are less likely to happen when a
halo is being tidally disrupted by a larger halo, which places
a constraint on the major merger window for group TS+R
halos roughly between the assignment cutoff of a = 0.45 (or
z = 1.2) and when stripping kicks in (around z = 0.5 for low
mass halos). It is clear from these plots that high mass group
TS halos behave differently than low mass halos. In fact, the
evolution of high mass group TS halos (and especially group
TS+R halos) approach the behaviour of group R halos; that
is, a jump in spin parameter and reduced concentration co-
incident with an increase in accretion rate, followed by relax-
ation and negative accretion. This suggests that high mass
group TS and TS+R halos may be more strongly influenced
by minor and major mergers, respectively, while low mass
group TS and TS+R halos are likely dominated by the ef-
fects of tidal stripping.
By definition, group TS and TS+R halos have com-
pletely different tidal force histories, as seen in Fig. 12 Row
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Figure 12. Same as Fig. 10, but showing prolateness measured at Rvir (PRvir ), prolateness measured at R500c (PR500c ), Doff , and the
virial ratio. We see that halos experiencing purely tidal mass loss (Group TS) typically become steadily rounder and more symmetric.
In contrast, halos that underwent purely major merger induced mass loss (Group R) temporarily become highly elongated, especially at
larger radii, highly asymmetric, and unrelaxed, all coincident with the merging event. Group TS+R halos display much milder trends
consistent with both tidal stripping and relaxation, while Group N halos display trends that are most consistent with those from Group
R, but subdued, suggesting these may be halos experiencing weaker mass loss from minor mergers. Diminished halos from all groups
experienced a jump or plateau in virial ratio around z = 0.5, followed by relaxation by z = 0, with the most unrelaxed halos coming from
groups R, TS+R, N, and TS, in order of most to least, respectively.
1. However, note that the tidal forces experienced by halos
in all groups are roughly comparable for z > 2, indicating
that halos being tidally stripped in high density regions at
z = 0 originated from regions of roughly average density
where they experienced much milder tidal forces. Around
z = 1 the tidal forces experienced by diminished group TS
and TS+R halos diverges sharply from the remaining groups
until reaching a maximum around TF = 1.2 near z = 0. For
lower mass halos in particular, both TS and TS+R halos
peak shortly before z = 0, at around z = 0.2, roughly co-
incident with the minimum mass accretion rate (peak mass
loss rate). This tells us that specific mass accretion rate is
strongly correlated with the tidal force, and that these halos
typically have already endured a period of closest approach
to a massive halo (peak in tidal force) paired with maxi-
mum instantaneous mass loss. Presumably, most of these
halos have already made one pass through or near a mas-
sive neighbour and are preparing to make subsequent passes
before becoming subhalos. Note that since we are only in-
cluding (z = 0) distinct halos in our analysis, we are likely
missing transient subhalos (halos that temporarily become
subhalos for a period of time while passing through a massive
halo, before becoming tidally stripped distinct halos upon
emerging). Some of the z = 0 distinct group TS and TS+R
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Figure 13. Cumulative distribution functions of virial ratio (T/ |U |) decline on the left panel and spin parameter (λB) decline on the
right panel for all group R halos (distinct halos that had a recent major merger but have not experienced strong tidal forces). We use
the same mass bin definitions as in Fig. 1. In each case, we compute the ratio of the z = 0 values to the peak value since the last major
merger. This provides an indication of the degree to which virial ratio and spin parameter typically decay following a major merger, since
both of these properties tend to increase sharply immediately after a major merger. Different coloured lines represent different mass bins,
though we see very little mass dependence. The median decline in virial ratio is about 24% of the peak value, while the median decline
in spin parameter is about 52% of the peak value. About 80% of these group R halos decline by at least 15% in virial ratio, while nearly
90% decline by at least 15% in spin parameter. This tells us that elevated spin parameters following major mergers are transient; they
typically decay substantially by z = 0, at least when considering only the material within the virial radius of the halo. Fluctuations in
virial ratio are less dramatic that in spin parameter, but show qualitatively similar time-dependence following a major merger.
halos may have lost much of their mass as transient subha-
los around the z = 0.2 peak in TF. High mass group TS and
TS+R halos still have very high tidal forces at late times,
but do not show any clear indication of previous peaks in
tidal force.
In Fig. 11 Rows 3 and 4 we show the evolution of the
NFW scale radius and the maximum circular velocity (Vmax).
Low mass diminished group TS halos exhibit a dramatic re-
versal in scale radius evolution at about z = 1, roughly co-
incident with the transition towards higher density, higher
tidal forces regions. Evolution in scale radius is the primary
differentiator of evolution in concentration, since the virial
radius is not highly sensitive to mass loss or group assign-
ment. For group TS halos, we see that the typical halo ex-
periences a plateauing of scale radius around z = 1, followed
by a sharp decline all the way to z = 0. Group TS+R halos
initially experience an increase in scale radius (presumably
to due the major merger), peaking around z = 0.5, followed
by a sharp decrease. Tidal stripping preferentially removes
loosely bound material from the outer regions of halos. As
a result, tidally stripped halos tend to have density profiles
with outer slopes that fall off faster than r−3. Forcing an
NFW fit to these halos produces artificially low scale radii
in an attempt to compensate for the steep outer profiles.
Some of the internal halo structure is influenced by tidal
stripping as well, as can be seen by the decline in Vmax after
z = 1. Vmax is not as sensitive to changes to the outer halo as
NFW concentration, and provides a more robust quantifier
of halo internal structure than the scale radius for non-NFW
halos. A decline in Vmax indicates the removal of particles
that spend some of their time in the interior of the halo.
High mass group TS halos exhibit little to no scale radius
and Vmax suppression at late times, while high mass group
TS+R halos have scale radius and Vmax evolution compara-
ble to that of group R halos, a further indication that high
mass group TS+R halos are primarily influenced by the ef-
fects of a major merger rather than tidal stripping.
Finally, in Fig. 12, we examine prolateness, asymmetry
(Doff), and virial ratio (T/|U |). All halos generally become
less prolate with time, but group TS halos do so the most
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Figure 14. Cumulative distribution function of fraction of mass
lost while a subhalo for all tidally stripped halos (group TS). We
use the same mass bin definitions as in Fig. 1. We define ∆Mvir as
the total cumulative mass loss since Mpeak, not including any pe-
riods of mass growth. So ∆Mvir,SH represents any loss that occurs
while (temporarily) a subhalo. Different coloured lines represent
different mass bins. For the lowest mass bin, we see that about
60% of halos do not lose any of their mass as subhalos. About 80%
of these halos lost half of their mass or less as a subhalos, leaving
only about 20% of halos having experienced the majority of their
mass loss as a subhalo. Mass loss while a subhalo is much less
common for higher halo masses. Roughly 72% of log10 µ = 11.95
halos, 84% of log10 µ = 12.7, and 98% of log10 µ = 13.45 halos have
not lost any mass as a subhalo.
quickly on average. While the median prolateness of halos
in all groups is indistinguishable above z = 1, group TS ha-
los sphericalize the most rapidly afterwards. Still, the slope
difference between group TS and group N halos after z = 1
is slight, and there does not appear to be a sharp change in
PRvir or PR500c coincident with the onset of tidal stripping,
as we see with spin and scale radius, for example. Instead,
tidally stripped halos are gradually rounded as they lose
particles on highly elliptical orbits. Both the inner (PR500c )
and outer (PRvir ) shapes of group TS halos are noticeably
rounder than halos from other groups at z = 0, indicating
that stripping is not solely affecting the outer regions of ha-
los. We also see that group TS halos are the most symmetric
(lowest Doff) and have the lowest virial ratios at z = 0. How-
ever, tidal stripping does not appear to strongly affect the
halo center of mass, since there remains little difference be-
tween group TS and not-diminshed halos throughout their
evolution. Group TS halos do experience somewhat differ-
ent virial ratio evolution, however, since they are typically
the least relaxed at high redshift and experience a plateau
during the tidal stripping phase. Group TS+R halos have
trends that combine elements of those from groups R and
TS, favoring group TS and low masses and group R at high
masses; that is, a jump up in prolateness (especially PRvir ),
Doff , and T/|U |, followed by gradual declines for low mass
halos, and evolution consistent with group R halos at high
masses.
Altogether, these trends produce a clear picture of how
tidal stripping influences halo properties. Group TS and
TS+R halos move from average density regions at high red-
shift into high density regions where they experience in-
creasingly strong tidal forces around z = 1. These strong
tidal forces are likely due to a single nearby massive halo,
whose tidal field eventually begins to preferentially remove
loosely bound high energy material from the subjected halo.
As the halo begins to loose mass due to tidal harassment, its
scale radius begins to artificially depress due to a steepen-
ing outer profile, its spin decreases, and it becomes rounder.
Most halos reach a minimum accretion rate as they pass by
or through the neighbouring halo shortly before z = 0. We
don’t expect many of these group TS halos will remain dis-
tinct halos for long, since most are at their minimum mass
since Mpeak at z = 0 (i.e. very few have started accreting mass
again after being stripped). Group TS+R halos have a simi-
lar pattern of behaviour to group TS halos at late times, but
additionally experienced a major merger (typically around
z = 1, right before experiencing very strong tidal forces).
These halos initially evolve as group R halos do, with de-
creased concentrations and increased spins, accretion rates,
prolateness, asymmetry, and virial ratios, before following
the trends of group TS halos as tidal stripping commences.
We note that the trends outlined here apply most directly
to low mass halos. Higher mass halos seem to be increas-
ingly influenced by merger events. The evolution of high
mass group TS+R halos appears dominated by the affects
of recent major mergers. Even high mass group TS halos
may have lost mass via minor mergers rather than signifi-
cant tidal stripping.
4 DISCUSSION
By analysing the properties of group R halos that have lost
more than 5% of their peak mass at z = 0 (as we did in
Figs. 8 - 12), we select halos whose last major merger oc-
curred roughly at a = 0.7. Halos that had a major merger at
a much earlier epoch likely already completed any potential
mass loss phase and resumed accreting beyond their previous
peak mass, while those that had a major merger much after
a = 0.7 may still be accumulating material from the merger
and have not yet begun to lose mass. As a result, we don’t
follow the evolution of these diminished group R halos to the
point that they typically start accreting normally again. We
get a glimpse of how the properties of an example individual
halo recover after a major merger in Fig. 6; in this case, the
effects of the merger are largely transient, with scale radius,
shape, spin parameter, Xoff and virial ratio all eventually re-
turning to typical pre-merger values. Spin parameter is one
of the slowest to settle, and Vmax never settles substantially.
In order to get a sense for how much the spin parameter and
virial ratio typically decline after being elevated via a major
merger, we examine in Fig. 13 the ratio of the z = 0 value
of these quantities to their maximum values after Mpeak for
all group R halos. Note we don’t make any cuts on mass
loss, though we expect most of these halos have lost mass
at some point (see, e.g., Fig. 5). We see that the virial ratio
of group R halos typically declines by about 25% from their
peak virial ratio after a major merger. For a fully relaxed
final halo, this would be a peak virial ratio of T/|U | ∼ 0.66.
Very few halos decline by more than 40%, while about 80% of
halos decline by at least 15%. Declines in spin parameter are
more substantial, with the typical z = 0 value being about
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52% less than the peak value since the major merger. The
distribution is also more broad, with roughly 8% of halos de-
clining by over 80% and only 10% losing 15% or less of their
peak spin parameter value. Remarkably, there is very little
mass dependence, indicating that major mergers affect ha-
los in a relatively mass-independent manner. Some of these
halos will still be in the process of settling in virial ratio and
spin parameter, tending to bias these results towards lower
settling fractions.
While we focus on z = 0 distinct halos for our analy-
sis, it is true that many tidally stripped halos have previ-
ously been subhalos for one (or more) short periods. In the
top row of Fig. 5 we include a curve for the lowest mass
bin only that represents the cumulative distribution of mass
loss fraction for halos that have never been subhalos (this
dashed black line, normalized using the full mass bin). From
this we see that the majority of diminished group TS ha-
los were subhalos previously, presumably on their first pass
through a more massive halo (as was the case in the ex-
ample in Fig. 7). Only about 35% of diminished group TS
halos have never been subhalos, and this fraction drops pre-
cipitously for halos that have lost more than about 20% of
their peak mass. This tells us that tidally stripped distinct
halos typically have already passed through a more massive
halo, and are destined to be permanently captured as subha-
los on the next approach or experience multiple additional
pass-throughs before finally being captured. The group TS
halos that have lost mass but have never been subhalos likely
experienced encounters where they passed nearby, but not
within the virial radius of a larger halo. The tidal influence
of a massive halo can extend well beyond its virial radius; in
fact, the tidal force quantifier we’re using (RHill/Rvir) typi-
cally rises above unity before a halo enters within the virial
radius of a larger halo. One further question we’ve investi-
gated is whether the majority of tidal mass loss occurs while
halos are passing through larger halos or while they are dis-
tinct halos (before or after passing through). In Fig. 14, we
show the distribution of the fraction of mass lost while a sub-
halo since Mpeak for each of the four halo mass bins (group
TS only). Here we do not segregate halos based on mass loss
severity, so this includes group TS halos that have lost very
little to zero mass. We compute ∆Mvir as the integrated mass
loss, not including any positive contributions from periods
of accretion, rather than the net mass loss. We see a strong
mass dependence; about 60% of the lowest mass halos have
not lost any mass as a subhalo, while virtually no high mass
halos have lost mass as subhalos. Roughly 20% of halos in
our lowest mass bin have lost half or more of their mass
as subhalos. Given that a majority of low mass diminished
group TS halos have previously been subhalos, this implies
that most of these halos experience the majority of their
mass loss after they have passed through a more massive
halo. This picture is also consistent with our individual halo
example (Fig. 7), where most of the mass loss occurs after
the halo has re-emerged from the larger halo (after the end
of the thick purple line segment on the property evolution
plots).
Throughout this work we’ve suggested that diminished
group N halos may be the result of mass loss following mi-
nor (rather than major) mergers. Indeed, the trends shown
in Figs. 8 - 12 illustrate convincing parallels between dimin-
ished group R and N halos. A related analysis by students
working with us (Wu & Zhang 2017) investigates halo by
halo whether diminished group N halos did have recent mi-
nor mergers, as well as further characterize the responses of
several halo properties to major (and minor) mergers. They
use the evolution of halo mass and Vmax to predict the oc-
currence of mergers since a = 0.5 for each halo, validating
their results with the known major merger events from the
Rockstar catalog. While this method may not be a reliable
predictor of true minor merger events for an individual halo,
it remains useful to provide statistics for populations as a
whole. In particular, they found that group N halos typically
had their last minor merger around a = 0.7, consistent with
the distribution of aLMM for group R halos, solidifying our
conjecture that group N halos are an extension of the group
R mass loss phenomenon towards smaller mass ratios. They
also build on the characterization of how spin parameter,
Xoff , scale radius, prolateness, and virial ratio respond to
major mergers (e.g, Figs. 11-12), by for each property pro-
viding statistics on the number of peaks and when they occur
following mergers. Consistent with the results presented in
this work, they show that spin parameter and virial ratio
typically peak once about ∆a = 0.03 after a merger, while
Xoff , scale radius, and prolateness often have two merger-
induced peaks (a result of the merging and backsplash of two
separate high density halo cores). For properties that peak
twice, the first peak usually occurs immediately following the
merger, while the second peak is typically delayed by about
∆a = 0.08, but has a fairly broad distribution. Furthermore,
they find that the presence of two peaks in these properties
is most common for halos that experience a maximum mass
loss of 5 − 15% of their peak mass (as opposed to only < 5%
or > 15%). They also considered merger-induced 3rd and
4th peaks, but did not find any convincing indication that
these occur. All of these trends are roughly consistent for
both major and minor mergers.
5 CONCLUSIONS
Our main conclusions are as follows:
(i) Roughly 22% of low mass (12% of high mass) z = 0
distinct halos have lost more than 5% of their peak virial
mass.
(ii) Mass loss occurs either via tidal stripping in high den-
sity regions or via relaxation following a merger.
(iii) Relaxation after most major mergers results in more
than 5% mass loss, with the regime of 5 − 15% mass loss
being the most common. This is roughly true for all halo
masses.
(iv) Merger-induced mass loss that peaks at z = 0 (a =
1) results from mergers around z = 0.4 (a = 0.7). This is
the characteristic delay between a merger and the minimum
mass the halo subsequently reaches. Note that this delay is
somewhat time dependent and will be different for mergers
that occur at different times.
(v) Halos undergoing merger-induced mass loss typically
have lower concentrations, higher spin parameters, are more
elongated, more asymmetric, and less relaxed than halos not
currently experiencing mass loss. These differences are the
result of strong impulses generated by a merger event that
have not fully settled back to typical pre-merger values.
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(vi) Minor mergers can also induce mass loss. Minor
merger induced mass loss parallels major merger induced
mass loss, but has a generally weaker effect on halo proper-
ties.
(vii) A majority of low mass halos in high tidal force re-
gions have lost more than 15% of their peak mass and will
not recover. Significant amounts of mass loss (> 30%) are not
uncommon. High mass halos rarely experience tidal strip-
ping.
(viii) Halos undergoing tidal stripping typically have
higher concentrations, lower spin parameters, and are more
spherical than halos not currently experiencing mass loss.
These differences result from steepening of the outer den-
sity profiles of halos via preferential removal of high energy
material on elliptical orbits.
(ix) Most tidally stripped distinct halos that have lost
more than 5% of their peak mass were previously subhalos
as they passed through a more massive halo. This is more
likely to have been the case for halos that have lost more
mass.
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